Upon incubation of UDP-N-acetyl[14C]glucosamine and GDP-mannose with rough microsomes from rat liver, GlcNAc incorporation occurred mostly into acid-labile products extractable by chloroform/methanol that were presumed to be dolichol pyrophosphate GlcNAc and, for a small part, dolichol pyrophosphate NN'-diacetylchitobiose. The production of this latter glycolipid was greatly enhanced when rough microsomes, previously treated with pyrophosphate, were incubated in the presence of GTP. Furthermore, under these particular conditions, high levels of radioactivity were obtained in products precipitated by trichloroacetic acid and not extracted by chloroform/methanol. The label appeared in acidlabile and in acid-resistant products, presumed to be dolichol pyrophosphate mannosylated oligosaccharides, and glycoproteins, respectively. From these results, dolichol pyrophosphate N,N'-diacetylchitobiose appears to be an obligate metabolic intermediate in protein glycosylation by this system. Whether or not dolichol pyrophosphate NN-diacetylchitobiose must be mannosylated prior to transfer of the NN'-diacetylchitobiose moiety to protein is an open matter, because GlcNAc was also incorporated into acid-resistant products when the reaction was carried out in absence of GDP-mannose.
N-acetyl['4C]glucosamine from UDP-[14C]GlcNAc into en-
dogenous acceptors of the microsomal fraction. Because this fraction contains a Golgi-associated glycosyltransferase that adds peripheral GlcNAc residues to glycoproteins (4, 5) , which may have been responsible for most of the transfer to protein acceptors in these experiments, we decided to use in similar assays a microsomal subfraction derived essentially from the rough endoplasmic reticulum, and nearly devoid of Golgi contaminants.
In agreement with the results of Redman and Cherian (3), addition of GlcNAc to endogenous protein acceptors did not correlate with the protein synthesizing activity when the latter was modified in various ways. However, GTP was found to enhance considerably the glycosylation of various endogenous acceptors when the subcellular preparation had been previously treated with pyrophosphate. These unexpected observations are briefly reported here.
MATERIALS AND METHODS Preparation and Treatment of the Heavy Microsomal
Subfraction. Rat liver homogenates were fractionated in 0.25 M sucrose as described (6) , except that the microsome pellet was not washed. Microsomes from 10 g of liver were layered on a linear sucrose gradient in the E-40 rotor (7) and centrifuged for 140 min at 40,000 rpm. Microsomes, equilibrated at a density higher than 1.20 After addition of 5 ml of ice-cold 10% TCA, the precipitate was washed three times with cold 5% TCA, dried under reduced pressure, and dissolved in 1 ml of 1 M NaOH by heating 30 min at 80°. After neutralization with 1 M acetic acid, a 1.4 ml portion was assayed for radioactivity (8) . Disintegrations per minute were computed by the external standard ratio method. The acid-resistant TCA-insoluble products were precipitated by the same procedure, except that the precipitate, resuspended in 5% TCA for the second time, was heated for 15 min at 900 before centrifugation. Incorporation into acid-labile TCAinsoluble products was estimated by the difference between the total TCA precipitate and the acid-resistant TCA-insoluble products.
Incorporation into chloroform/methanol-extractable products was obtained by adding successively 3 ml of chloroform, 2 ml of methanol, and 0.8 ml of 4 mM MgCl2 to the re-1095 Abbreviations: PP1, sodium pyrophosphate; Dol-P-P-GlcNAc, dolichol pyrophosphate N-acetylglucosamine; Dol-P-P-(GIcNAc)2, dolichol pyrophosphate NN'-diacetylchitobiose. action mixture (9) . After shaking and centrifuging, the upper phase was removed, the interphase and lower phase were washed twice with 2.5 ml 1/16/16 (vol/vol) chloroform/ methanol/4 mM MgCl2 in water. A 1 ml portion of the lower phase was dried under nitrogen, dissolved in 10 ml of scintillation mixture, and assayed for radioactivity. The radioactivity of these extracts was found releasable in water by mild acid hydrolysis (0.1 M HCI, 15 min at 90°), and overlapped largely with that of the acid-labile TCA-insoluble products, of which it represents the chloroform/methanol-soluble fraction.
Incorporation values are expressed in pmol of GlcNAc per mg phospholipid which was assayed as described (8) .
RESULTS
Effect of GTP and of treatment with PPi on GlcNAc incorporation Table 1 illustrates the effects of GTP addition and of PPi treatment of the heavy microsomal subfraction. In the absence of GTP, GlcNAc incorporation was small, and restricted largely to chloroform/methanol-soluble, acid-labile derivatives. Similar results were obtained, whether the heavy microsomal subfraction had been washed with PP1 or with sucrose. Incorporation was greater when the sucrose-washed preparations were incubated in the presence of GTP, but practically all the incorporated label still remained associated with acid-labile, chloroform/methanol-soluble derivatives. In contrast, when PPi-treated preparations were incubated in the presence of GTP, incorporation of GlcNAc into the TCA precipitate was Effect of various nucleotides on incorporation of GlcNAc Enhancement of GlcNAc incorporation into the products precipitated by TCA from heavy microsomal subfractions treated with PP1 is a specific property of GTP (Table 4) . Substitution of GDP for GTP gave the same result only in the presence of ATP, phosphoenolpyruvate, and pyruvate kinase; under these conditions GDP is readily converted into GTP (10). Guanylylimidodiphosphate (GppNp), a nonhydrolyzable analogue of GTP (11), enhanced incorporation only slightly. UTP and CTP appeared to be inhibitory.
Chromatographic analysis of chloroform/methanol extracts
Thin-layer chromatography of the products extracted by chloroform/methanol after incubation in the absence of GDP-Man (Fig. 2) , showed two radioactive spots: a fast moving one with about the same level of radioactivity under all experimental conditions, and a more slowly moving one with much less radioactivity, except in the system stimulated by the combination of PP1 treatment and GTP addition, where it was increased in a striking manner. The same increase was observed when the reaction was carried out in presence of GDP-Man. Sections corresponding to the spots were scraped off for assays of radioactivity, and for analysis by paper chromatography of the labeled sugars released after mild acid hydrolysis. After incubation of PPi-treated subfractions in the presence of GTP, the radioactivity for the slow component was increased 10-fold over that measured under the other conditions. The radioac- UDP-GlcNAc + Dol-P > Dol-P-P-GlcNAc + UMP UDP-GlcNAc + Dol-P-P-GlcNAc F Dol-P-P-(GlcNAc)2 + UDP Dol-P-P-(GlcNAc)2 + GDP-Man and Dol-P-Man > + Dol-P-P-(GlcNAc)2(Man)x + GDP and Dol-P (see refs. [13] [14] [15] 15 , and 16-19, respectively). In these reactions, Dol-P refers to dolichol phosphate; Dol-PP-GlcNAc, dolichol pyrophosphate N-acetylglucosamine; Dol-P-P-(GlcNAc)2, dolichol pyrophosphate N,N'-diacetylchitobiose; Dol-P-Man, dolichol phosphate mannose; Dol-P-P-(GlcNAc)2 (Man)X, mannoside derivatives of dolichol pyrophosphate NN'-diacetylchitobiose. These reactions sequentially form derivatives in which GlcNAc, N,N'-diacetylchitobiose, and mannosylated oligosaccharides with GlcNAc at their potential reducing end are linked to dolichol by a pyrophosphate bridge. It is believed that, subsequently, the mannosylated oligosaccharides are transferred as an assembly from the lipid intermediate to protein (9, 18, 20) . This sequence is shown schematically in gosaccharides are readily released from these phospholipid intermediates by mild acid hydrolysis (21) , whereas the sugar-protein linkage is stable under these conditions. Furthermore, it is known that Dol-P-P-GlcNAc and Dol-P-P-(GIcNAc)2 are completely extractable by chloroform/methanol under the conditions used here, whereas the mannoside derivatives of dolichol pyrophosphate N,N'-diacetylchitobiose become less or nonextractable with increasing addition of mannose residues (18) . These facts, together with our observations by thin-layer chromatography, have led us to tentatively identify the composition of the labeled fractions separated after incubation with UDP-['4C]GlcNAc as shown in Fig. 3 . The chloroform/methanol extract is believed to contain mostly the two dolichol phosphate derivatives of GlcNAc, the monoglycoside derivative corresponding to the fast moving component, and the diglycoside derivative corresponding to the slow component (14, 22) . The same components are assumed to make up the acid-labile part of the TCA-precipitable material, in addition to the mannoside derivatives of Dol-P-P-(GlcNAc)2 that are nonextractable by chloroform/methanol mixtures. Protein-bound oligosaccharide chains containing GlcNAc are believed to contain the acid-resistant label in the TCA precipitate.
Thus, GlcNAc appears to be incorporated by heavy microsomal subfractions mainly in Dol-P-P-GlcNAc (Tables 1, 2 and Fig. 2A-C) , except when such subfractions are incubated in the presence of GTP after a preliminary treatment with PPj. Then, and only then, do high levels of radioactivity appear in Dol-P-P-(GlcNAc)2 (Fig. 2D ), in protein, and, especially when the incubation medium contains GDP-Man, in the mannoside derivatives of dolichol pyrophosphate N,N'-diacetylchitobiose. Clearly, the earliest effect of GTP and PP1 treatment on the presumed pathway is to enhance the reaction: Dol-P-P-GlcNAc + UDP-GlcNAc I Dol-P-P-(GlcNAc)2 + UDP This effect probably suffices to account for the increased incorporation of GlcNAc into protein and into dolichol-linked oligosaccharides, but a stimulatory action on the subsequent reactions cannot be ruled out.
Omission of GDP-Man from the medium did not affect the amount of GLCNAc transferred to protein. Its main effect was to increase the proportion of labeled acid-labile material extractable by chloroform/methanol. The latter effect is entirely compatible with the scheme of Fig. 3 , because of the decrease of extractability by chloroform/methanol of the dolichol-bound oligosaccharides as a function of increasing mannosylation. On the other hand, the former finding is hardly explainable in terms of Fig. 3 , which assumes mannosylation to be an essential condition of transfer to protein. Endogenous mannose donors are unlikely to substitute for exogenous GDP-Man in this respect, in view of the low levels of acid-labile derivatives nonextractable by chloroform/methanol detected under these conditions. Presumably, transfer of GlcNAc to protein can also occur via nonmannosylated lipid intermediates, as reported by others (13, 23) . However, our results indicate that Dol-P-P-(GlcNAc)2 is an obligatory intermediate in this reaction.
The mechanism whereby GTP and the PP1 treatment of subfractions enhance the incorporation of GlcNAc into various endogenous acceptors is unknown. Because guanylylimidodiphosphate was inactive, it is possible that GTP phosphorylates a still unidentified constituent of the glycosylation system. Free polyprenols are not satisfactory candidates, because an increased production of Dol-P-P-GlcNAc would then be expected. The treatment of microsomes with PPj is known to release a considerable part of the ribosomal material, together with significant amounts of nonribosomal proteins (24) . The question raised is, therefore, whether the detachment of ribosomes or another modification of the microsomes is responsible for the effects reported here.
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